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1

FEED-FORWARD AMPLIFIER INCLUDING
PHASE CORRECTION

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates generally to microwave
amplifiers and, more particularly, relates to a micro-
wave amplifier utilizing a feed-forward technique.

2. Brief Description of the Relevant Art

Feed-forward i1s a standard distortion cancellation
technique which is very effective for removing distor-
tion from an amplified signal. When a microwave input
signal is amplified the amplitude of the input signal is
increased by a factor equal to the gain of the amplifier.
The output signal of the amplifier includes a component
representing the amplified input signal and a distortion
component that 1s not a true representation of the input
signal.

In a feed-forward system this distortion component is
sampled, amplitude matched to the distortion compo-
nent of the amplifier output signal, and recombined 180°
out of phase with the amplitude output signal to cancel
the distortion component in the amplitude output signal.

Complete cancellation requires that the sampled dis-
tortion signal be exactly 180° out of phase with the
distortion component of the amplifier output signal. In
the feed-forward system this phase relationship is
achieved by introducing fixed delay into the signals.
Thus, the attainment of the required phase relationship
depends on the accuracy of magnitudes of the intro-
duced delays.

The phase error caused by a delay error of a fixed
magnitude increases as the frequency of the signal in-
creases. Thus, accuracy hmitations imposed by the
physical embodiment of a delay line and amplifier ele-
ments have limited the use of the feed-forward tech-
nique to applications below some threshold frequency.

Additionally, delay matching requires that the delay
introduced by the amplifier components of the system
be of fixed amplitude. However, for signals in the giga-
hertz (GHz) range amplifiers exhibit phase dispersion
and the delay introduced into each frequency compo-
nent of the amplifier input signal is not constant.

Thus, the required phase relationship may not be
obtained for different frequency components of a broad-
band input signal regardiess of the accuracy obtainable
by the circuit delay elements.

Accordingly, the utilization of the feed-forward tech-
nique has not been possible for broadband input signals
in the GHz range.

SUMMARY OF THE INVENTION

The present invention is technique to compensate for
the effects of frequency dispersion in the feed-forward
amplifier so that the error correction technique can be
used for a high-frequency, broadband input signal.

According to one aspect of the invention, phase com-
pensation elements are placed in each loop to cancel the
change in delay at high frequencies introduced by the
main and error amplifiers.

According to another aspect of the invention, a first
phase compensation element in the first loop is placed
before the main amplifier so that the gain of the main
amplifier 1s not degraded.

According to a further aspect of the invention, a
second phase compensation elements is place at the
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output of the error amp so that the loss introduced by
the second element does not appear as noise in the loop.

Other advantages and features of the invention will
become apparent 1n view of the drawings and following
detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

FI1G. 11s a schematic diagram of a preferred embodi-
ment of the invention:

FIG. 2 1s a graph depicting two frequency compo-
nents;

FI1G. 3 1s a graph depicting the delay as a function of
frequency for the amplifiers, linear delay elements, and
phase compensation elements;

FIG. 4A 15 a schematic diagram of a cascaded cou-
pled line section;

FIG. 4B 1s a schematic diagram of the dependence of
phase-shift on frequency for the coupled line section;

FIG. 4C1s a schematic diagram of a thin-film embodi-
ment of the phase compensation element; and

FIG. 5 1s a schematic diagram of a dispersive delay
element.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

FIG. 115 a block diagram of a preferred embodiment.
In FIG. 1 a feed-forward amplifier includes first and
second loops 10 and 12. The first loop 10 includes in
input power divider 20 having an input port for receiv-
Ing an input signal and first and second output ports.
The first output port is coupled to a first output signal
coupler 24, which has one input port and first and sec-
ond output ports, via a first phase compensation element
28 and a main amplifier 30. The second output port of
the input power divider 20 i1s coupled to a first input
port of a second output signal coupler 34, which has
first and second input ports and an output port, via a
first linear delay element 38. The second input port of
the second output signal coupler 34 is coupled to the
second input port of the first output signal coupler 24 by
an attenuation element 42. The second loop 12 includes
a second output power divider 50 having a first input
port coupled to the output port of the second output
signal coupler 34 via an error amplifier 54 and a second
phase compensation element 58 and having a second
input port coupled to the output port of the first output
signal coupler 34 via a second linear delay element 62.
The output port of the second output power divider 50
provides the output signal of the feed-forward ampli-
fier.

The operation of the system depicted in FIG. 1 will
now be described. The function of the first loop 10 is to
isolate the distortion component of the amplified signal.
This function will first be described without consider-
ing the effect of the first phase compensation element
28.

The input power divider 20 samples an input signal
and couples a portion of its power to the main amplifier
30. The main amplifier 30 amplifies this portion of the
signal to form an amplified input signal. This signal
includes an amplified signal component having an am-
phitude equal to G, where G is the gain of amplifier,
multiplied by the amplitude of the input signal coupled
to the main amplifier input. It also includes a distortion
component that does not represent the magnitude of the
input signal but is due to non-linearities in the main
amplifier and other effects. At low frequencies, the
amplified signal component is phase shifted from the
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input signal by a fixed phase shift due to a fixed signal
delay introduced by the amplifier.

The delay element 38 introduces a delay into the
coupled input signal that matches the fixed delay intro-

duced by the main amplifier 30. This delayed input
signal and an attenuated version of the amplified input
signal are coupled at the first output signal coupler 24.

The first coupler 24, attenuation element 42, and
second coupler 24 attenuate the amplitude of the ampli-
fied signal component by an factor that cancels the gain
of the amplifier. The distortion component is attenuated
by the same factor. Thus, the absolute value of the
magnitude of the attenuated amplified signal component
that 1s coupled to the delayed input signal at the second

5
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signal coupler 34 1s closely matched to the magnitude of {5

the delayed signal. Additionally, the delays introduced
by the first coupler 24, attenuation element 42, and
second coupler 34 introduce a 180° phase-shift into the
attenuated amplified input signal so that the delayed
input signal and attenuated amplified input signal cancel
at the second signal coupler 34 to isolate an attenuated,
phase-shifted distortion component which is output as
an error signal at the output port of the second signal
coupler 34. The 1solated distortion component has also
been phase-shifted 180° relative to the distortion com-
ponent output by the main amplifier 30.

The function of the second loop 1s to match the am-
plitude of the 1solated distortion component to the dis-
tortion component of the main amplifier output and to
cancel this distortion component from the amplified
input signal formed by the main amplifier 30.

The 1solated distortion signal is amplified by the error
amplifier 54 to form an amplified error signal. The gain
of the error amplifier is equal to G to cancel the attenua-
tion introduced into the distortion component of the
amplified input signal and to match the amplitude of the
error signal to the amplitude of the distortion compo-
nent of the amplified input signal. The error amplifier 54
also introduces a fixed delay at low frequencies. The
second delay element 62 introduces a delay equal in
amplitude to the fixed delay of the error amplifier into
the amplified input signal to form a delayed amplified
input signal. Thus, when the error signal and delayed
amplified input signal are combined at the output signal
coupler 50 the absolute values of the magnitudes of the
error signal and distortion component of the delayed
amplified mput signal have the same amplitude. Addi-
tionally, since a 180° phase shift was introduced into the
error signal, the error signal cancels the distortion com-
ponent of the amplified input signal and a clean ampli-
fted 1input signal i1s provided at the output of the feed-
forward amplifier.

FIG. 2 schematically depicts a single frequency com-
ponent of the input signal 200 and delayed amplified
output signal 202 and illustrates the relationship be-
tween phase and delay. The period of the component is
T seconds, the frequency, f, 1s 1/T, and amplitude of the
delay introduced into the amplified output signal 1s D
seconds. The phase difference (DP) between the two
signals 1s:

DP=(D/T) 360°. Eq. |

For very high frequencies Eq. 1 predicts a very large
phase matching error between the two signals 200 and
202 for a very small difference in the delays introduced
by the linear delay elements 38 and 62 and the main amp
and error amp 30 and 54. For example, for an 18 Giga-
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hertz (GHz) harmonic an | picosecond error between
the delay of a delay element and amplifier causes an 10°
error in phase matching.

As described above, signal cancellation between the
delayed input signal and amplified input signal requires
that the relative phase difference be 180" so that the
peaks of one signal overlap the valleys of the other
signal. Accordingly, for signals in the GHz range the
fixed delays introduced by the amplifiers 30 and 54 and
the delay elements must be precisely controlled. In the
preferred embodiment, monolithic microwave inte-
grated circuits (MMICs) are utilized as amplifiers and
coaxial delay lines are utilized as delay elements. The
MMICs are characterized by uniform delay and disper-
sion functions and the delay lines provide a constant
delay over a wide frequency range.

FIG. 3 1s a graph depicting the dependence of the
delay on frequency. In FIG. 3, the solid curve 300 de-
picts the delay/frequency relationship of the amplifiers
30 and 54, the dashed line curve depicts the delay/fre-
quency relanonship for the linear delay elements 38 and
62. and the dotted line curve 304 depicts the delay/fre-
quency relationship for the phase compensation ele-
ments 28 and 38.

In the microwave frequency range the amplifier ex-
hibits phase dispersion and‘the magnitude of delay in-
creases with frequency. This increasing delay causes the
total deviation from linear phase to approach 90° in this
frequency range. The delay introduced by the linear
delay elements remains constant for all frequencies.
Accordingly, signal cancellation 1s almost complete for
low frequencies because the delays introduced by the
amplifiers 30 and 54 and linear delay elements 38 and 62
for all frequency components can be precisely matched
and a fixed delay is introduced by the phase compensa-
tion elements 28 and S8.

At high frequencies the delay introduced for each
harmonic is different for the amplifiers 30 and 54 and
the linear delay elements 38 and 62. Thus, according to
Eq. 1, the phases shifts between the harmonics will vary
and signal cancellation in the loops 10 and 12 will not be
complete.

The phase compensation elements 28 and 58 intro-
duce a fixed delay at low frequencies. At low frequen-
cies, the sum of the fixed delays introduced by the am-
plifier 30 or 54 and the coupled phase compensation
element 28 or 58 are equal to the fixed delay introduced
by the corresponding linear delay element 38 or 62 so
that the cancellation due to the linear delay elements 38
and 62 1s not atfected. However, at high frequencies the
shape of the delay curve 304 of the phase compensation
elements 28 and 38 is the mirror image of the dispersion
curve 300 of the amplifiers 30 and 54. At a given high
frequency the delay introduced by the phase compensa-
tion element 28 or 58 decreases by the same amount that
the delay introduced by the amplifier 30 or 54 increases.
Thus, the sum of the delays introduced by the fre-
quency compensation element 28 or 58 and amplifier 30
or 34 1n each loop 10 or 12 introduces a delay equal to
that of the linear phase element 38 or 62 so that nearly
complete signal cancellation takes place at the couplers
34 or 50.

Another feature of the invention is the placement of
the frequency compensation elements 28 or 58 relative
to the amplifiers 30 and 54. In the first loop 10 it is
critical that the power gain of the input signal be as
large, possible. Because the phase compensation ele-
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ments are lossy, placement of the first phase compensa-
tion element 28 after the main amp 30 would lower the
signal power and degrade the signal quality. Therefore,
in the first loop the phase compensation element is
placed before the main amp 30.

In the second loop 12, the phase compensation ele-
ment S8 1s placed after the error amp 54 because loss
due to the phase compensation element would appear as
noise that would not get cancelled in the second loop
12.

In one embodiment of the invention the phase com-
pensation element is comprised of a cascaded couple
line section 400 as shown in FIG. 4A. This element
produces a phase response as shown in FIG. 4B. The
portion of the curve over which the circuit operates is
selected by varying the length of the coupled sections,
and 1s chosen such that it compensates the phase error
of the amplifier. An example is shown in FIG. 3, curve
304. The curves in FIG. 4B may be shifted frequency by
adjusting the length and coupling factor of the coupled
line section 400. Alternatively, a thin film circuit layout
402 as depicted in FIG. 4C can be utilized. Multiple
coupled lines increase the coupling factor and two sec-
tions are cascaded to increase the overall dispersion.
The final configuration is obtained by simulating using
Touchstone (R), a commercial linear circuit simulator.

A second embodiment of the invention uses disper-
sive delay lines as the delay elements 38 and 62. These
delay lines match the phase characteristic of the amplifi-
ers, therefore eliminating the need for phase compensa-
tion elements 28 and 58. This delay is achieved by
adapting the slow wave helix structure 500 from a trav-
eling wave tube as depicted in FIG. 5. These helices can
be designed for a particular phase characteristic by
adjusting the pitch of the helix and separation from the
tube and are very low loss.

- The amplitude of the dynamic range (DR) of the
system 1s determined by the following relationship:

DR=TN-G-NF-IMP-BW

where TN is the thermal noise, G is the magnitude of
amplifier gain, NF is a noise factor, IMP is a distortion
factor, and BW is the bandwidth. Since the present
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invention reduces the distortion factor (IMP) the ampli- 43

tude of the dynamic range of the amplifier in increased.
Accordingly, an amplifier having a large bandwidth
and dynamic range has been realized that functions in
the extremely high 6-18 GHz frequency range.

- In apphcations where the amplitude and frequency of
a signal are unknown such large bandwidth and dy-
namic range a critical features of an amplifier in a sys-
tem designed to detect the unknown signal. The inven-
tion is useful for frequency bands covering 10% band-
widths up to 3:1 bands, with frequencies as high as 18
GHz.

What 1s claimed is:

1. In a feed-forward amplifier for receiving an input
signal and having a first loop, including a main amplifier
that receives a first part of the input signal and generates
a first amplified output signal, with the first loop for
providing the first amplified output signal and an iso-
lated distortion component of the first amplified output
signal and having a second loop, including an error
amplifier that receives a difference signal as an input
and generates a second amplified output signal, with the
second loop for subtracting the isolated distortion com-
ponent from the first amplified output signal to produce
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the difference signal to produce an amplified output
signal having very low distortion, with said main and
error amplifiers characterized by a non-linear delay
dispersion curve that indicates the magnitude, being the
absolute value and sign, of the delay introduced by the
amplifier between each frequency component in the
input signal received by the amplifier and the same
frequency component in the amplifier output signal for
each frequency in a predetermined broadband operating
range, a system for compensating the fixed delay intro-
duced by the amplifiers at low frequencies and for the
non-linear frequency dependent delay introduced by
the amplifiers at high frequencies in said predetermined
operating range, said system comprising:

first means, having an input coupled to receive the
first part of the input signal and an output coupled
to said main amplifier, for introducing a delay into
each frequency component of the first part of the
input signal, with the magnitude of the introduced
delay having an absolute value substantially equal
to the absolute value of the delay indicated by the
non-linear delay dispersion curve for each fre-
quency in said predetermined range but having the
opposite sign; and

second means, having an input coupled to said error
amplifier, for introducing a delay into each fre-
quency component of the second amplified signal,
with the magnitude of the introduced delay having
an absolute value substantially equal to the absolute
value of the delay indicated by the non-linear delay
dispersion curve for each frequency in said prede-
termined range but having an opposite sign.

2. The system of claim 1 wherein said first means

comprises:

a cascaded coupled line section.

3. The system of claim 1 wherein said first means
COmMPprises:

a slow wave helix structure.

4. In a feed-forward amplifier for receiving an input
signal and having a first loop, including a main amplifier
that receives a first part of the input signal and generates
a first amplified output signal, with the first loop for
providing the first amplified output signal and an iso-
lated distortion component of the first amplified output
signal and having a second loop, including an error
amplifier that receives a difference signal as an input
and generates a second amplified output signal, with the
second loop for subtracting the isolated distortion com-
ponent from the first amplified output signal to produce
the difference signal and to produce an amplified output
signal having very low distortion, with said main and
error amplifiers characterized by a non-linear delay
dispersion curve that indicates the magnitude, being the
absolute value and sign, of the delay introduced by the
amplifier between each frequency component in the
input signal received by the amplifier and the same
frequency component in the amplifier output signal for
each frequency in a predetermined broadband operating
range, a system for compensating the fixed delay intro-
duced by the amplifiers at low frequencies and for the
non-linear frequency dependent delay introduced by
the amplifiers at high frequencies in said predetermined
operating range, said system comprising:

a first linear delay element, disposed in said first loop,
having an input for receiving a second part of the
Input signal, and having an output for providing a
delayed input signal, for introducing a fixed delay
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in all frequency components of the received second
part of the input signal, with the magnitude of the
fixed delay equal to the magnitude of the fixed
delay introduced by the main amplifier at low fre-

8

compensation element so that magnitude of the
delay introduced into the amplified phase compen-
sated 1nput signal 1s substantially frequency inde-
pendent;

quencies; 5 a first output signal coupler, having an input port for
a first _passive phase cpmpensgtion element coupling recelving said amplified phase compensated input
the Input O_f the mailn ampllﬁ‘er to the ﬁf_St part of signal and first and second output ports, for cou-
the mput signal for introducing a delay into _EﬁCh pling the amplified phase compensated input signal
fl_' equency component of the first part of the mput to the first and second output ports of the first
51gn'al, with the magnitude of the ;ntroduced delay g output signal coupler, where the first output cou-
having an absolute value substantially equal to the pler also attenuates the signals coupled;
absotute value of the delay indicated by the nof- first linear delay element coupled to said second
hqear delay dlSPEI‘SlOH curve for egch frequency_ln output port of said input power divider for delay-
sald predetermined range but having the opposite - ing sald coupled input signal by a fixed delay sub-
sign so that delay of the first amplified output sig- |5 stantially equal to said fixed frequency independent
nal re]at_lve to the mput -51gnal 1S sub;tar}tlally fre- delay of said main amplifier to form a delayed input
quency independent at high frequencies in the pre- signal;
determined operating range; | a second output signal coupler, having a first input
a second passive phase cempensatlon.element' COu- port coupled to said first linear delay element, a
pled to the output of the error amplifier for intro- 20 second Input port coupled to the second output
ducing a delay into each freguency component qf port of said first output signal coupler, and an out-
the second amplified output signal, with the magni- s - :
. . put port, for receiving and coupling the amplified
tude of the introduced delay having an absolute : : .
. phase compensated input signal and said delayed
value substantially equal to the absolute value of . : . .
o . . input signal to form an error signal being the atten-
the delay indicated by the non-linear delay disper- : . .
: . . 25 uated distortion part of the amplified phase com-
sion curve for each frequency in said predeter- <ated input sienal
mined range but having an opposite sign; and _I;}?n e]' f.mplfl s:[l}%na., lud; d]
a second delay element, disposed in said second loop, Wi 'a'rnp. et THILICT INCIUding a second foop com-
having an input for receiving the first amplified PTISINE: i led ¥ q
output signal, and having an output for providing a an_error ampluher, coupled 1o said second output
30 signal coupler, for ampiifying said error signal to

delayed first amplified output signal, that intro-
duces a fixed delay for all frequencies with the
magnitude of the fixed delay equal to the magni-
tude of the fixed delay introduced by the error
amplifier and second phase compensation element
at low frequencies.

5. A high-frequency amplifier including a first loop

comprising:
an input power divider, having an input port and first

form an amplified error signal with said error am-
plifier characterized by a fixed gain, by a fixed
frequency independent delay at low frequencies,
and that introduces a frequency dependent delay at
35 each high frequency, in a second predetermined
operating range of frequencies, into the amplified
input signal, where the magnitude of the delay
introduced by the error amplifier is a non-linear

and second output ports, for sampling an input
signal recetved at the input port and coupling parts
of the sampled signal to the first and second output
pOrts;

a first passive phase compensation element coupled to

said first output port for introducing a different

being substantially equal in absolute value to but of
opposite sign to the magnitude of the frequency
dependent delay introduced by said first phase

40

dispersion function of frequency;

a second passive phase compensation element cou-

pled to said error amplifier for introducing a fre-
quency dependent delay at each high frequency in
the second operating range into said amplified
error signal, with the magnitude of the frequency

predetermined frequency dependent delay, at each 45 dEpendent.delay mtroduced by t.hf«' second phage
high frequency in a predetermined operating range compensation elem_ent at each hl_gh frequency in
of frequencies, into said coupled input signal to the secopd operaling range having an absolute
form a phase compensated input signal, where the vﬁalue being substantially equal to but of opposite
magnitude, being the absolute value and sign, of the sign to the magnitude of the frequency dependent
introduced delay for each frequency is a non-linear -0 delay introduced by said error amplifier so that
dispersion function of frequency and the sign of the magnitude of the delay introduced into the ampli-
change of the delay introduced at a given high fied phase compensated error signal is substantially
frequency indicates whether the magnitude of the frequency independent;
delay 1s increased or decreased; a second linear delay element coupled to said first
a main amplifier, coupled to said first phase compen- 55 output port of said first output power divider for
sation element, for amplifying said phase compen- delaying said coupled amplified phase compen-
sated input signal to form an amplified phase com- sated input signal by a fixed delay substantially
pensated input signal, with the main amplifier char- equal to said fixed frequency independent delay of
acterized by a fixed gain, by a fixed frequency sald error amplifier to form a delayed amplified
independent delay at low frequencies, and that 60 phase compensated input signal; and
introduces a frequency dependent delay, at each a third output signal coupler for combining said am-
high frequency in the predetermined operating phfied phase compensated error signal and said
range, into the amplified input signal with the mag- delayed amphified phase compensated input signal
nitude of the frequency dependent delay intro- to substantially cancel the distortion part of said
duced by the amplifier at each high frequency 65 delayed amplified phase compensated input signal

thereby forming an amplified output signal having

a small distortion component.
* % %k Xk %
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